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SELECTED ~NDESTRUCTIVE ASSAY INSTRUMENTATION
FOR AN INTERNATIONAL SAFEGUARDS SYST139

AT ~ANIUM ~RICHM~T PLANTS
J. W. Tape, M. P. Baker, R. Strittmatter,

M. Jain, and M. L. Evans
Los Alamos Scientific Laboratory

@s Alamos, New Mexico

ABSTRACT
A selected set of nondestructive assay

instruments for an international safeguards system at
uranium enrichment plants is currently under
development. These instruments are of three types:
in-line enrichment meters for feed, product, and tail~
streams: area radiat!on monitnrs for direct detection
of high-enriched uranium production, and an enrichment
meter for spent alumina trap material. The current
status of the development of each of these instruments
is discussed, with supporting data, as well as the
role each would play in a total international
safeguards system.

I. INTRODUCTION

Uranium enrichment plants, like chemical.separation
facilities, are unique in the nuclear fuel cycle in that they
change the strategic value of the nuclear materials that they
process. The issues surrounding international safeguards for
reprocessing plants have been extensively discussed during the
past few years and, as is well known, there is not uni~~ersal
agreement among nuclear nations about the role of spent fuel
reprocessing in the commercial fuel cycle. Enrichment plants,
on the other hand, have not been in the news nearly so much (at
least until this spring) and it is generally agreed that
low-enriched uranium (LEU), produced by some kind of isotope
separation facility, is necessary for a lar~e-sc~le mmmercial
nuclear power capability. In the past, most users of LEU have
directly or indirectly purchased “enrichment :;ervices”from the
few suppliers with isotope separation plants; however, in the
near future it is expected that some nations may attcrrpttc!
ensure their own s ppl!es of enriched uranium by obtaining
enrichment plants.Y For these reascns enrichment plant
safeguards is expected to become a greater concern of the
international safeguards community.

Although a number of new techniques for scp,?ratin~~raniur
isotopes on a commercial scale are being develcped t!lr~i~~?~~:t
khe warld, in the next few years th~ bulk of the wor!d”!
~~~arative cap~cit~ w~ll. still.be in q~St?OUF diffL!SiPph~,w;l,:;.::::.
Hoi%verr ma y new facilities will prolwh~y IJFPCPS . .. ‘

!/2
.:1

t?rhno]ogy. ‘ The jmreased UFP of c!entrifuaest.nrrri .:’
uranium increases the problems associated wjth FiffiCllJRrFI..F

crr!chrnentplants, and the rI?fPq(!Fr-lFrtr~~r.-~:’~$PPIS
. .

IJIMTUIU1’TIUNOF TlllBDOCU~~T lBUNWTED



instruments discussed here are designed to be applied to a
large-scale centrifuge facility.

An international safeguards system at an enrichment plant
can use three primary strategies: material accounting on the
declared feed, product, tails, and waste streams of the
fac~lity; containment and surveillance methods to ensure the
validity of the accounting ~ath obtained at the key measurement
points; and methods that involve the direct detection of the
production of high-enriched uranium (HEU). The first two
strat~’gies are applicable to detecting diversion of either LEU
or HEU and the third is obviously intended to directly detect
the use of scme part or all of the separative capacity of the
plant for the production of weapons-grade uranium. The
application of these three strategies to safeguarding a
centrifuge facility is both more difficult and at the same time
more important than thejr application at a djffusion plant.
Large separative capacity centrifuge plants are relatively easy
to reconfigure for the production of HEU, and once reconfi ured
they can begin producing top product in less than one day.!
Furthermore, the technology surrounding the centrifuge process
is highly protected for reasons af national.securjtv~
nonproliferation, and/or commercial advantage? and plant
operators have been reluctant to allow international inspectors
inside the cascade halls of their facilities. The application
of effective international safeguards at a centrifuge plant is
a difficult but, we feel, not impossible task; one that has
potential technical solutions.

The instruments and methods described in the next section
can be viewed in part as having application to all three of the
safeguards strategies for enrichment plants; however~ their
primary functions are in the areas of material accounting and
direct detection of HEU production. Containment and
surveillance techniques such ~~5personnel and vehicle monitors
have been reported elsewhere.

II. SAFEGUARDS MEASUREMENT PRINCIPLES ANE PRELIMINARY RESULTS

The Los Alamos Scientific Laboratory (LASL) safeguards
technology group (Q-1) is currently developing three different
instruments as a part of the Department of Energy (DCE) program
to develop a comprehensive safeguards system for enrichment
plants; a gas phase enrichment meter, an alumina trap material
enrichment meter, and a large arrav of neutron detectors tc

monitor the enrichment of a facility’s gas phase i~ventory.

A. Tbe Gas Phase Enrichment F!eter
Ir?-lineenrichment metets in the feed and withdrawal.(F/v}

h’]~l?ingof a centrifuge plant can provik~~a~ ess~nt!all.v
contjnu~us monitor of the enrichment cf the UFE ~treaml
f~,~v,.jnqinto and out of the process. The enrichment ?ata, Vmh’,>n
e~mhj~ed wjth on-line wejqhts for the feed, pym~:lct, ?nd t:::lr..
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cylinders, yield a real-time dyn~mic material balance for t%
plant. Although the accuracy of the in-line accountability
data cannot compete with the accuracy of conventional off-line
sampling and weighing data on a measurement-for-measurement
basis, the 100% sampling and the timeliness cf the in-line
meter data make it valuable when applied to centrifuge plants.
In-line mcnitors can be considered to be components of both
material accounting as well as containment and surveillance
systems.

An in-line enrichment meter for liquid UF6 product has
been fhweloped and successfully o crated at the Goodyear Atomic
(GA?!’ diffusion plant since 1973. R T!Iis instrument, which

measures a liquid stream at 31 enrichment, employs the
ganuua-rayenrichment principle and a NaI(Tl) gamma-ray detector
and electronics system. It is possible to measure the
enrichment of liquid UF streams of any assay using this
general technique if th~ NaI detector is replaced by a
higher-resolution Ge detector.

Feed streams at enrichment plants are typically in the qas
phase, and the enrichment principle employed in the GAT product
monitor will not work unless a large thicknes~ of gas :S
assayed (>lm)~ however, the gas phase enrich

?!5!
t can be

determined by combining measurements of the U
concentration and the uranium concentration in the gas.

The 23% 6011Ce?ltratiOll iS

186-keV gamma rays emitted by ~$t~t~~ ~a~!~e~nfin~j ~~~;-ray
detector that views a fixed volume of the UF6 gas. T5c
relationship between the ●nrichment, I, and the 186-keV
gamma-ray count rate is given by the formula:

~ - R(186) CF
pk (1)

where R(186) is th measured count rate, CF is the attenuation
correction factor~ f P is the densitv of UF6, and k ~S a
calibration constant. The attenuation correction, which
accounts for the scatter!nq and absorption of qarnmaravs in the
aas, is a function of the elemental composition and ?ensity cf
~he qasm
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external 235U source to determine the attenuation correction
factors. We are developing an in-line gas-phase enric nt
meter, shown schematically in Fig. 1, that employs an 91! Am
transmission source to determine both the UF6 gq~ld#sity and
tl~e attenuation ~rrection fact~r. The 60-keV
gaimna-ray source has the advantage over the external. 235U
source used by Bailey t

m
it Is easily resolved from the

186-keV ganuna ray from U and consequently it can be
measured simultaneously with the 136-keV gamma ray.

Construction of a prototype instrument is not yet complete;
however, we expect to be able to measure gas phase enrichments
over a pressure range of approximately 200 to > 1000 Torr. The
major problem associated wi

598
this method is likely to be

background gamma rays from U daughters and 23% absorbed
on the inside surface of the measurement chamber. The current
design employs a NaI(Tl) gamma-ray detector and a
computer-based multi-channel analyzer (MCA) to acquire the
countjng data as well as temperature and pressure data for the
UF6 gas. We are planning ‘proof of principle” experiments to
determine the accuracy of the enrichment measurement as a
functjon of gas density.

B. The Trap N?ater~al Enrichment Meter
The trap material enrichment meter is desiqned to

indirectly detect HEU production by screening outgoing alumina
trap material for enr~chments greater than the declared top
product of the faci

344Y
It can also possibly provide

information on the U-content of the trap material for
material balance purposes.

A number of assay techniques might provide the data
required for the enrichment measurement of relatively
la-density uranium-bearing waste. The thermal neutron
coincidence counter method described below has been chosen
because of its simplicity and the relative ease with whirh the
instrument can be scaled in size to mstch the trap material
containers in use at a particular facjljtv.

Compounds of uranium and
sources~ spontaneous fission
which an alpha pa

!4
icle from

interacts with a F nucleus

fluorine emit neutrons from twc
neutrons and (a,n) ~e~ctiens in
the decay of a uranjlq.nnucleus
and emits a neutron. TheA~~,n)

neut
5s8

s are essentially all produced by the t!ecav of “qU
and U while spontaneoll .isslon neutrons arise al.mcst
sole~.yfrom the decay of 53iU nuclei.9 (It sbeuld be not~$q

r recycled uranium jn compounds wjth fl’jorjnethn -[1
‘hat2$PU components pr~se~t may contribute sjanifjcantl!-to~nd
the neutron productj.onrate.)

Since neutrons from flsslnn ~r~ em~tt@ sjmultaneous~:.’r
cajncitiencecounting techn~uue,smay be used tfid]rtlnau;.sb

,,

+tween neutrons produced from !-:,n~rpt.rtievsand tho~~
9
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resulting from spontaneous fission. The measurement of the
ratio of the total neutron counting r:te (NT) to the
coincident neutron counting rate (Nc; from a uranium-fluorine
compound can then yield an approximate determination of the
uranium enrichment

951
vialedthe following assumptions are

satisfied: 1) the U (a,n) re
95&

ions dominate the total.
neutron production (NT), 2) the U spontaneous fission
neutrons do

94a
ate the coincident neutron production (NsF),

and 3) the U-to-235U ratio does not vary widely.

Figure 2 shows the calculated total and spontaneous fission
neutron rates and their ratio (NT/NSF) as a function of
235u enrichment (I) assuming a constant 234u/23% ratio
of 1/125. The values fOr NT and N were calculated fcr 5-kg
masses. The ratio is not only a strongly increasing function
of increasing enrichment, but is also independent of sample
mass. Thus, an instrument that measures both total and
coincident neutrons can give a measure of enri hment from the
ratio of counting rates, an

9?
measure of the ~34u mass fand

indirectly the approximate 3 u mass) from the total neutron
counting rate.

A thermal neutron coincidence
{~e~~~ ~~~~~~.yw~~~e~. theshift-register electronics package

enrichment of trap material samples as large as 55-gal drums
using the principles discussed above. The “proof of principle”
measurements were performed using a standard-size we~.1counter
(-1OJ!)and small samples containing uranium-fluorine
compounds. In the first of these measurements, eight 1S
cylinders of UF6 obtained from Goodyear Atomic Corporation
(GAT) covering an enrichment range of 0.2-97.6% were analyzed.
The measured ratio (NT/Nc) for these samples is shown in
Fig. 3 as a function of enrichment for various well-counter
liner materials. The measured results behave as expected for
enrichments up to about 2LJ%where tl,eratio reaches a maximum
and then actually decreases.

The deviation of the ratio behavior above 20% e~richmer!t!.s
ficeprimarilv to (arn) neutron-i~d~ce~ f~s~ion of tile~35tT ~P
the samples.“ In the simp e picture of Fig. 2, coincident
neutrons arise only from i38u spontaneotl~fissions antit’i~
expected coincidence neutron countina rate per cram nf uz?’li:!r
decreases as the 235U content increases. The a~dit]r?nP=
coincident neutrons frcm induced fissions actual!\*res’:: k: in
an increase in the coincidence counting rate as :~-‘unc:.’,=n(-f
increasing 235U enrichment for these UF cylinders. .4
~e~,iem,Diricalformula, in W~iCII the induced fission cnrn~>onnni

.

rf the coincidence countjpq rate j.staken as pr(’nr’-t-.ioninl ?:,7
234U and ~35u ~,assest.hp product of in the S,=-.n:fie.~r“,.=

I

the observed data adequately.



Iu,n) multiplication effect to as large a deqree as the
measurements of the mere compact UF6 cylinders described
above m Nevertheless, it is valuable to use the UF6 samples
as a “worst case” situation and attempt to minimize the
multiplication effects. Such atteinptsnecessarily must focus
on the materials that line the cavity of the well counter since
induced fissions that occur prior to the escape of the
initiating neutron from the sample can only be affected by
changes in sample geometry or composition. F~gure 3 shows the
measured results for N /Nc for no liner, a Cd liner, and a

xliner made up of Cd an boral. Although the changes are not
dramatic, discr~mination between typical product enrichments
(-3%) and higher enrichment values appears to be improved for
the Cd-boral liner.

A second series of well-counter measurements (using no
special liners) was made on six samples of alumina trap
material cbtained from Union Carbide and Goodyear Atomic. The
uranium contained in these samples had three enrichments in the
range “.2%-17% and weight concentrations of 1% and 4%. Each
sample (14-15 kg of alumina), which was the content of one full
trap, was split into two or three smaller samples that were
compatible wjth the sample cavity of the well counter. The
measured ratio (NT/Nc) is shown in Fig. 4 and again shows a
sizable increase with increasing enrichment. The counting rate
ratio at a gjven enrichment was independent of the uranium
loading with the possible exception of the 17% enrichment traps
where a small multipljcat?.oneffect may have been observed.
Thus, for these sample sizes and uranium loat!inqs,this
technique can clearly be used to “flag” high-enrichment
material.

c. Neutron Emission BWnitoring Techniuue (NEMTech)
one cf the primary goals of an enrichment plant safeguards

system should be the ability to directly detect t5e prckluctfnn
of HEU by that facility. This is especially true for
centrifuge plants where process equilj.briumtjmes can allow for
the production of significant quantities of HEU in a short
period of time. Material accounting methods and cor?taj.nment
and surveillance techniques provide major deterre.atsto I!EU
production by monitoring the flow of uranium into and out of
the plant: however, if these measures are defeated by some
means the operator can divert all or part of the separative
capacity of his plant to HEU production with Iittl.echance cf
beinq detected while the operation is in proqres~. IRstrLIm~n~s
such as the trap material enrichment meter can provide velcahl.e
evieence of HEU production, hut the information may not he
timelv enough fcr international response. 13etec5crsthi.tc::ulc
Firectlv monitor the operation of enrichm~nt casc~des, P-::...
under conditions of limited inspector acc~ss ~: Rr acces~ Lr
t%e cascades, would be ~xtrer ‘v valua!=lecr:d~tinn~:C t“v
total.safeguards Systema

..



Area radiation monitors have the potential tc detect
production of HEU, as both the gamma-ray and neutron-emission
rates from UF6 increase with increasing enrichment (see
Fig. 2). The poor penetrability of the primary gamma rays from
uranium tends to rule out the use of gamma detectcrs for area
radiation monitors. Neutron detection schemes have a dual
advantage in that the radiation penetrates matter relatively
easily (and thus is difficult to shield) and the monitors can
be made up of large arrays of simple detectors.

Field measurements of neutron-emission i~tes in and around
gaseous diffusion plants reported by Walton show that the
neutron intensity inside a diffusion cascade does reflect the
operation of that cascade. Monitoring centrifuge cascades iS
much more difficult because the smaller gas phase inventory of
the centrifuge process as compared to the diffusio~ process
results in a smaller signal and poorer signal-to-background

5
atio. In princ~ple, large arrays of polyethylene-mm~erated
He neutron detectors could be deployed either inside the
cascade halls (under conditions of limited inspectcr access to
those areas) or on the facilitv roof. Each detector in the
array monitors the neutron emission rater and therefore the
average enrichment of the UF6, over a limited reqion of the
cascade area. If the average enrichment over the area viewed
by a detector (or group of detectors) increases, the

detector count rate will increase as compared to other
detectors in the array that are viewing normal operation.

Although NEMTech is very attractive on paper, many aspects
of the method need to be proved prior to its application at a
centrifuge plant. We are currently undertaking computer model
studies of centrifuge facilities with detector arrays pl,acedon
the roof and inside the cascade to try to determine if the
arrays have t3e basic sensitivity to detect various HEU
production schemes. The results of a very simple model are
shown in Fig. 5. In2this model detectors #l and #2 each have
an active area of lm and an average efficiency for c!etectina
neutrons of 10%, Each detector is placed cn the roof @f a
separate 2100-m- cascade building with a gas phase inventorv
of 40 kg. The detectors are isolated from each other so that
there is no cross talk. The background rate in each detector
is taken tc be equal.and constant at 500 counts per minute
(Cpl?)● Detector #l always views a qas volume with z,ra~’c:-scc
enrichment cf 0.7% while the enrichment viewed by Detector +2
v~ries from 0.7% to 15%. Fia. 5 shows the difference ir thf:
~ota~. counts acc.~mulatedby the twc detector~~ for 2c-lT,i7 :.n~
l-h count t;mesl 2s a function of the enrjch~.ent1.T:fve5!:::
P9EecteY #2. ‘rhe “measureme~ts” are dPmirFtet k,’:::-m
!,nckarnund”however, evep “i~ P 2!l-m.il? Ccllnk. t:iil$?t:-r. *C’-: ‘

::-::?ts acc;mu]ated bv D=tectnr ~2 “.-j~b:irclfi~ . . ~-.-.”*.!+,.;r:;..,.,s..

t::?ccedet~cted hy +1 lw rnr? t!lzntwc Stac=?!rd~Pv:lt”r~:-. ........~

--F1.lK,P:’!uac+qroundr?te is krsei;r- rz!:rs79=71::.P:-!“\.-...
I.”*r’”+=~l~eFdetectcrs ~roilr.~:;:I1-mT::“-:::Y=:,:-:7!;::’:’.:“- ..,.,.... ..
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can possibly be improved by the use of shielding. On the other
hand, background rates may fluctuate from one detector location
to another and thereby complicate this monitoring scheme. If
the results of the computer simulation studies continue to be
encouraging we will build an experimental arrdy of detectors
for field test and evaluation.

III. CONCLUSION

The three instrument systems described here represent only
a Part of the efforts at LASL and elsewhere to develop the
components of an effective international safeguards system for
large-scale centrifuge enrichment plants. Man:/questions
remain to be answered in this program, ranging from the
technical feasibility of some of the proposed methods, such as
NEMTech, to the effectiveness of any given integrated
safeguards system in detecting or deterring the diversion of
either LEU or HEU at a centrifuge facility. We anticipate that
some of the unanswered technical questions relatj.ngto the
three methods d~cussed in this paper will be resolved during
the next year’s research and development activities and that
these instruments will then be extensively tested in the fie.lc!
under realistic operating conditions.
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FIGURE CAPTIONS
1.

2.

3.

a-..

5.

Conceptual design of a gas-phase en i hment meter.
53~uF6 and the

The
intensity of gamma rays emitted by
attenuation of gamma rays transmitted through UF6 gas are

w
sured.and the resulting data are used to calculate the
U enrichment, as described in the text.

Neutron emission rates for a 5-kg mass of UF6 v~ 235u
enrichment. The dot-dashed curve labeled NT is the t05a~

number of nw)trons emitted per second. The dashed curve
labeled NSF is the number of spontaneous fission neutrorr
emitted per second. The solid curve is the
(mass-independent) ratio of total ~eutrons enjtted to

ntaneous fission neutrons emitted. A constant
2??u,235u ratio of 1/125 has been assumed.
Thermal neutron coincidence counter data for 1S cvlinder~
of UF~. The rati.eof total neutrn

~
-counts to ccinc;~encn

counts (NT/Nc) is plotted vs ‘he 2 ‘U enr~ctment ~f
the samples for various coi~c.:~encecounter liner mater+sls.
T.nerma~neutron coincidence counter data for ~!~:l~~~:’-C.F
material standards loaded with 1% and 4% UF6 5:: we~c’t. “==
ratio NT/Nc is plotted as a functian Ce the ~~5u
enrichment of the ccr!taineduranium.
vs tte averaae enrichme~t viewed hv Deteck~r =2. ; 1’

the difference-in acc,Jmul~te~~nun~.~cb~~r~.-erq,.:t~,--:-
detectors placed on the reef-teps 0? twe sep~ra~~ CF7
c~nkrifuae enrichment cascaFQ5. ~1+‘1 ,-.,,nv T..IC r-.. i ri--- o-..’ c .-

t?e gas ~hase inventcrq~1..;Q\,-e~pq,r”~f:~c.:;;;”;l:? pa-” ,,:.::;.
the enrichment of the aas y..i~b~p,:5?..~,~~~~+n..J ~ ,.~.-: ,.- 4--- p,--. -.,

?.7? t@ 15%.
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